CHIP (carboxy terminus of Hsc70-interacting protein) an E3 ubiquitin ligase that binds to Hsp70 and Hsp90, promotes degradation of several Hsp90-regulated signaling proteins and disease-causing proteins containing expanded glutamine tracts. In polyglutamine disease models, CHIP has been considered a primary protection factor by promoting degradation of these misfolded proteins. Here, we show that two CHIP substrates, the glucocorticoid receptor (GR), a classic Hsp90-regulated signaling protein, and the expanded glutamine androgen receptor (AR112Q), are degraded at the same rate in CHIP 2/ 2 and CHIP 1/ 1 mouse embryonic fibroblasts after treatment with the Hsp90 inhibitor geldanamycin. CHIP 2/ 2 cytosol has the same ability as CHIP 1/1 cytosol to ubiquitinate purified neuronal nitric oxide synthase (nNOS), another established CHIP substrate. To determine whether other E3 ubiquitin ligases that bind to Hsp70 (Parkin) or Hsp90 (Mdm2) act on CHIP substrates, each E3 ligase was co-expressed with the GR, nNOS, AR112Q or Q78 ataxin-3. CHIP lowered the levels of all four proteins, Parkin acted on nNOS and Q78 ataxin-3 but not on the steroid receptors, and Mdm2 did not affect any of the co-expressed proteins. Moreover, both CHIP and Parkin colocalized to aggregates of the expanded glutamine AR formed in cell culture and in a knock-in mouse model of spinal and bulbar muscular atrophy. These observations establish that CHIP does not play an exclusive role in regulating the turnover of Hsp90 client signaling proteins or expanded glutamine tract proteins, and show that the Hsp70-dependent E3 ligase Parkin acts redundantly to CHIP on some substrates.
INTRODUCTION
The Hsp90/Hsp70-based chaperone machinery that forms signaling protein †Hsp90 heterocomplexes (reviewed in Ref. 1) is also part of the cellular defense against unfolded proteins (2) . Studies with these Hsp90 'client' proteins have shown that assembly of heterocomplexes with Hsp90 stabilizes the proteins, and, when heterocomplex assembly is blocked by specific Hsp90 inhibitors like geldanamycin and radicicol, the signaling proteins undergo rapid degradation through the ubiquitin/proteasome pathway (3) . The ubiquitination is mediated by chaperone-dependent E3 ubiquitin ligases, and one of these ligases called CHIP (carboxy terminus of Hsc70-interacting protein) has been most studied with regard to the targeting of Hsp90 client proteins for ubiquitination (4) .
CHIP is a 35-kDa member of the RING-domain family of E3 ubiquitin ligases that binds through an amino-terminal tetratricopeptide repeat (TPR) domain to both Hsc/Hsp70 and Hsp90 (5, 6) and through a carboxy-terminal U-box to the UBCH5 family of E2 ubiquitin-conjugating enzymes (7) . Because the TPR domain of CHIP binds to both Hsp90 and Hsp70, both chaperones have been thought to target substrates for degradation (4, 6) . However, ubiquitination following geldanamycin treatment must be targeted by Hsc/Hsp70. This conclusion is based on the fact that the chaperone machinery assembles signaling protein †Hsp90 heterocomplexes in a stepwise fashion through an initial ATP-dependent priming interaction with Hsp70 followed by a second ATP-dependent interaction with Hsp90 (1). The interaction with Hsp90 is blocked by geldanamycin, leaving the Hsp70-bound client protein to be ubiquitinated in a CHIP-dependent manner. Hsp70 and Hsp40, a cochaperone that increases the ATPase activity of Hsp70, are required for the ubiquitin-dependent degradation of many proteins (8, 9) , and the constitutive Hsc70 and inducible Hsp70 appear to act equivalently in promoting proteasome-dependent degradation (10) .
Overexpression of CHIP has been shown to increase the degradation of many well-studied Hsp90-regulated signaling proteins, such as the glucocorticoid receptor (GR) (6), p53 (11) and ErbB2 (12) ; thus, CHIP is often regarded as the most important E3 ligase involved in chaperone-dependent ubiquitination and degradation. However, there are many E3 ligases (13) , and it is not known how many of them function in a chaperone-dependent manner, although some clearly do (14) . Parkin, for example, is an E3 ubiquitin ligase (15) that is targeted to substrate by Hsp70 (16) , and mutations in Parkin are responsible for autosomal recessive Parkinson disease (PD) (17) . In another example, the E3 ligase Mdm2 binds to Hsp90 (18) , and inhibition of Mdm2 by Hsp90 contributes to mutant p53 stabilization (19) . There is some evidence that E3 ligases may function in a redundant manner to ubiquitinate Hsp90 client proteins. For example, interest has focused on the controlled regulation of wild-type p53 by Mdm2. Yet, CHIP can also induce p53 ubiquitination, and in cells depleted of CHIP, the amount of p53 increases, suggesting that CHIP-dependent degradation plays a role in maintaining low concentrations of p53 under physiological conditions (11) .
The possible redundancy of E3 ligase activity is of particular importance in considering therapeutic approaches to certain neurodegenerative conditions involving the accumulation of aberrant proteins, including PD and the polyglutamine expansion disorders, such as Huntington disease (HD), spinal and bulbar muscular atrophy (SBMA), and several autosomaldominant spinocerebellar ataxias (e.g. SCA1, SCA3). Some of the proteins that aggregate in these diseases form heterocomplexes with Hsp90 and Hsp70, including a-synuclein (PD) (20) , HD (21) and the expanded glutamine androgen receptor (AR) of SBMA (22) . Inhibition of Hsp90 by geldanamycin prevents the aggregation of these proteins in animal models of PD (23) , HD (24) and SBMA (25) . Overexpression of Hsp70 or Hsp40 decreases a-synuclein or polyglutamine protein levels and improves viability in cellular models of these diseases (26 -28) . Overexpression of these chaperones also ameliorates the disease phenotype in Drosophila and mouse models (29) (30) (31) (32) reviewed in Ref. 33) . CHIP is found in aggregates of a-synuclein (Lewy bodies), huntingtin, AR, ataxin-1 and ataxin-3 (34 -38) , and overexpression of CHIP suppresses aggregation and protein levels in cellular disease models (34, 35, 37, 38) . The notion that CHIP is a critical mediator of the neuronal response to misfolded proteins is buttressed by the observations that overexpression of CHIP in a Drosophila model of SCA1 (37) and a mouse model of SBMA (39) suppresses toxicity, and that HD transgenic mice haploinsufficient for CHIP display an accelerated disease phenotype (35) . Thus, CHIP presents as a potential therapeutic target for these neurodegenerative diseases. However, this possibility would be markedly reduced if there was a redundancy of actions among several E3 ligases, because therapeutics targeting each active ligase would have to be combined in a multidrug protocol. The possibility of redundancy in E3 ligase action is suggested by reports that overexpression of either CHIP (38) or Parkin (16) increases ubiquitination of polyglutamine-expanded ataxin-3 and reduces its cellular toxicity. In both cases, the effect of the E3 ligase is promoted by Hsp70 (16, 38) , and it is this chaperone common to both ubiquitination pathways that may ultimately be the best therapeutic target.
In this work, we examine the degradation of two Hsp90-regulated signaling proteins (the GR and neuronal nitric-oxide synthase (nNOS)) and two polyglutamine-expanded proteins (AR112Q and Q78 ataxin-3) in the presence of three E3 ligases (CHIP, Parkin, Mdm2) to assess the redundancy of E3 ligase action. The GR is the most studied Hsp90 client protein, forms stable heterocomplexes with Hsp90 (1) and undergoes profound geldanamycin- (40) and CHIP-induced (6) proteasomal degradation. In contrast, nNOS undergoes very dynamic cycling into heterocomplexes with Hsp90 such that only trace amounts of the chaperone are co-immunoadsorbed with the enzyme (41) . nNOS is inherently more stable than classic Hsp90 clients such as the GR. Nonetheless, both Hsp90 inhibitors (41) and CHIP overexpression (42) promote a modest increase in its rate of proteasomal degradation. Similarly, poly Q-expanded AR degrades upon geldanamycin treatment (22, 25) and CHIP overexpression induces its ubiquitination and degradation (39) . CHIP is also implicated in the degradation of poly Q-expanded ataxin-3 and co-localizes to nuclear aggregates in transfected cells (38) . Notably, overexpression of either CHIP (38) or Parkin (16) lowers the levels of poly Q-expanded ataxin-3, resulting in fewer aggregates and diminished toxicity, suggesting that multiple E3 ligases function in redundant manner. Consistent with this notion, overexpression of E4B, a ubiquitin chain assembly factor (E4) that also has E3 ubiquitin ligase activity, promotes the degradation of poly Q-expanded ataxin-3 and suppresses neurodegeneration in a Drosophila model of SCA3 (43) .
We report here that the treatment of CHIP 2/2 mouse embryonic fibroblasts (44) with the Hsp90 inhibitor geldanamycin promotes the degradation of endogenous GR and exogenously expressed AR112Q at the same rate as in CHIP þ/þ cells. Furthermore, CHIP 2/2 cytosol has the same activity in promoting ubiquitination of purified nNOS as CHIP þ/þ cytosol. Thus, there must be E3 ligases that function in a redundant manner to CHIP. To determine whether the other E3 ligases that bind Hsp70 (Parkin) or Hsp90 (Mdm2) provide this redundant activity, each of these E3 ligases was co-expressed in human embryonic kidney (HEK) cells with GR, nNOS, AR112Q or Q78 ataxin-3. We found that in each case CHIP lowered the protein levels but Mdm2 did not, suggesting that Mdm2 is either inactive on these substrates or less effective than CHIP. Parkin lowered the levels of nNOS and Q78 ataxin-3 but did not affect GR or AR112Q, suggesting that it acts redundantly to CHIP on some substrates. Similar observations were made for AR112Q and Q78 ataxin-3 in MN-1 mouse motor neuronneuroblastoma hybrid cells, demonstrating the relevance of the findings to protein degradation processes in neuronal cells. Both CHIP and Parkin co-localized with AR112Q to ligand-dependent aggregates in cell culture and localized to intranuclear aggregates in skeletal muscle in a knock-in 
RESULTS
We first wanted to determine whether CHIP þ/þ and CHIP þ/þ cells. The unliganded GR is a client protein whose stability is highly dependent upon the formation of heterocomplexes with Hsp90, and the treatment of cells with Hsp90 inhibitor geldanamycin results in rapid GR degradation (40) . Because CHIP has been shown to promote GR ubiquitination and degradation (6), we examined the effect of geldanamycin treatment on endogenous GR in CHIP þ/þ and CHIP 2/2 cells. Remarkably, geldanamycin at low concentrations caused the same rapid loss of GR in the presence and in the absence of CHIP ( Fig. 1B and C) .
Inasmuch as CHIP 2/2 cells are able to carry out degradation of an Hsp90 client protein as well as CHIP þ/þ cells, other E3 ubiquitin ligases must function in redundant fashion. To directly assay the relative ubiquitinating activity of these two cell lines on a known CHIP substrate, we examined the ubiquitination of nNOS in an in vitro system similar to the one we have described previously (42) . In this assay, purified nNOS was incubated with GST-Ubiquitin and cytosol from CHIP þ/þ or CHIP 2/2 cells as a source of E1, E2 and E3 ubiquitinating enzyme activity. In the presence of each cytosol, nNOS-and GST-Ubiquitin-dependent highmolecular-weight conjugates are produced to a similar degree (Fig. 2) . Thus, CHIP null cells have the ability to ubiquitinate and degrade Hsp90-regulated signaling proteins, consistent with a redundancy of E3 ligase action.
We next sought to determine whether there is functional redundancy of E3 ligases that mediate degradation of misfolded proteins, as we observed for signaling proteins. We initially examined the effect of CHIP deletion on the degradation of the poly Q-expanded AR, the disease-causing protein of SBMA. CHIP þ/þ and CHIP 2/2 cells expressing AR112Q were treated with geldanamycin to assess time-and dose-dependent AR degradation. Like the endogenous GR, the level of exogenously expressed AR112Q decreases similarly in both cell types upon geldanamycin treatment ( Fig. 3A and B) . We conclude that other E3 ligases function redundantly with CHIP to promote the degradation of the poly Q AR. To examine whether similar redundancy mediates the degradation of other misfolded proteins, we expressed an expanded glutamine (Q78) form of ataxin-3. In contrast to the effects on the AR, no geldanamycin-induced degradation of Q78 ataxin-3 was observed, even in CHIP þ/þ cells following 24 h drug treatment (Fig. 3C) . Also, immunoadsorption of AR112Q from cytosol is accompanied by co-adsorption of Hsp90, whereas immunoadsorption of Q78 ataxin-3 is not (Fig. 3D) . Thus, it appears that Q78 ataxin-3 is not an Hsp90 client protein, indicating that the presence of an expanded glutamine tract is not sufficient to determine the assembly of heterocomplexes with Hsp90.
Because there are numerous E3 ligases [more than 400 potential E3s in the human genome (45) ] that could potentially function in the absence of CHIP, we focus here on the two, Mdm2 and Parkin, that have been reported to interact with the major chaperones in the machinery that forms signaling protein †Hsp90 heterocomplexes. To confirm their association To compare the effects of CHIP, Mdm2 and Parkin on signaling proteins, each E3 ligase was co-expressed in HEK cells with the GR (Fig. 4B) or nNOS (Fig. 4C) . The levels of both of these signaling proteins were decreased by co-expression of CHIP. Co-expression of Mdm2, however, did not alter their levels, suggesting that neither protein is a substrate for Mdm2 under these conditions. In contrast to the effects of Mdm2, Parkin co-expression decreased the levels of nNOS (Fig. 4C ) but did not alter the levels of the GR (Fig. 4B) . These data indicate that a subset of signaling proteins can be targeted for degradation by both CHIP and Parkin.
As was found with signaling proteins, co-expression of CHIP with the poly Q-expanded proteins AR112Q (Fig. 5A ) or Q78 ataxin-3 ( Fig. 5B) decreased the protein levels, whereas co-expression of Mdm2 did not. Co-expression of Parkin also decreased the Q78 ataxin-3 levels (Fig. 5B) but did not alter the AR112Q levels (Fig. 5A) . These findings are consistent with a report showing that Parkin reduces the aggregation and toxicity of a poly Q-expanded ataxin-3 fragment by complexing with this fragment and Hsp70 to enhance ubiquitination (16) . Taken together, our data suggest that CHIP and Parkin function redundantly to promote the degradation of a subset of misfolded proteins, similar to their actions on Hsp90 client proteins.
Because the data of Figs 1 -5 are derived in non-neuronal cell lines, experiments with AR112Q and Q78 ataxin-3 were performed in MN-1 motor neuron-neuroblastoma hybrid cells to assess the relevance of our findings to protein degradation processes occurring in neurons. As shown in Fig. 6A , treatment with geldanamycin causes the same decrease in the level of expressed AR112Q in CHIP siRNA knockdown cells as in control (GAPDH knockdown) cells. Because our antibodies do not visualize mouse CHIP on immunoblotting, CHIP knockdown was confirmed by TaqMan assay of CHIP mRNA (Fig. 6B) . As was found in non-neuronal cells, co-expression of CHIP with AR112Q in MN-1 neuronal cells decreased the AR112Q levels, whereas co-expression of Mdm2 or Parkin did not (Fig. 6C) . Also, consistent with effects in non-neuronal cells, both CHIP and Parkin decreased the Q78 ataxin-3 levels in MN-1 neuronal cells but Mdm2 did not (Fig. 6D) .
CHIP is present in aggregates of the poly Q-expanded AR (39) and ataxin-3 (38) , and this co-localization has been offered as additional evidence for the importance of CHIP as the E3 ligase involved in the ubiquitination of these proteins. To determine whether multiple E3 ligases co-localize with the poly Q-expanded AR, cells exogenously expressing AR112Q were treated with the synthetic androgen R1881. In this system, AR aggregates form in the cell cytoplasm in an androgen-dependent manner. As shown in Fig. 7A , both endogenous CHIP and Parkin co-localize with AR112Q aggregates, implying that these E3 ligases moved with AR112Q and its associated chaperones in response to ligand treatment. Similarly, both CHIP and Parkin were identified in nuclear aggregates in skeletal muscle of a knock-in mouse model of SBMA (46) (Fig. 7B ). Neuronal intranuclear inclusions in spinal cord of aged mice also stained for AR and CHIP (Fig. 7C) . Parkin immunoreactivity, however, was not detected in spinal cord aggregates, reflecting the fact that Parkin antibodies failed to stain formalin-fixed, paraffinembedded tissue. Nonetheless, our data establish that multiple E3 ligases co-localize with poly Q-expanded AR in models of SBMA. Also, both E3 ligases were co-immunoadsorbed with Hsp70-bound AR112Q from cytosols of MN-1 cells exogenously expressing AR112Q and CHIP or Parkin, respectively (Fig. 7D) .
DISCUSSION
Here, we have shown that CHIP 2/2 cells have the same ability to degrade the GR and AR112Q as CHIP þ/þ cells following geldanamycin treatment (Figs 1 and 3) . Furthermore, CHIP 2/2 cytosol has the same ability as CHIP þ/þ cytosol to ubiquitinate purified nNOS (Fig. 2) . Taken together, these observations establish that other E3 ligases act redundantly to CHIP to promote the degradation of signaling and poly Qexpanded proteins. We also show that the level of Q78 ataxin-3 was not affected by geldanamycin and that Hsp90 did not co-immunoprecipitate with Q78 ataxin-3 (Fig. 3) , indicating that this protein is not an Hsp90 client. Consistent with this interpretation, an analysis of chaperones in aggregates produced in cells expressing truncated ataxin-3 protein showed the presence of Hsp70 but not Hsp90 (47) . In contrast, Hsp90 is present in aggregates of both poly Q-expanded huntingtin and AR (21, 22) . Interestingly, the poly Q-expanded AR has been shown to be more sensitive to geldanamycin-induced degradation than wild-type AR (25) , suggesting that the presence of an expanded Q tract increases the protein stabilization by Hsp90. The fact that Q78 ataxin-3 is not in a complex with Hsp90 and does not respond to geldanamycin shows that the presence of an expanded Q tract is not sufficient for heterocomplex assembly with, or stabilization by, Hsp90.
The co-expression experiments shown in Figs 4 -6 demonstrate that CHIP promotes the degradation of two signaling proteins, GR and nNOS, and two poly Q-expanded proteins, AR112Q and Q78 ataxin-3. Consistent with our observations, CHIP has been implicated in the turnover of the unliganded GR (6), and there is good evidence that CHIP is the major E3 ligase involved in GR down-regulation after chronic exposure of HT22 cells to glucocorticoid (48) . In contrast to the effects of CHIP, we found that co-expression of Mdm2 with each of these four substrates had no effect on protein levels. However, Mdm2 has been implicated in GR turnover, but only when the GR is complexed with p53 (49, 50) . Similarly, several RING finger E3 ligases have been shown to bind to the AR and modulate its activity (51, 52) . There are a number of reports of Mdm2-mediated ubiquitination of the AR leading to its proteasomal degradation (53) (54) (55) , but this occurs only when the receptor is phosphorylated by Akt (53) . Although co-expression of Parkin did not alter the steroid receptor levels, it did cause a marked decrease in both nNOS and Q78 ataxin-3 levels. Therefore, this Hsp70-dependent E3 ubiquitin ligase acts redundantly to CHIP on a subset of substrates. While co-expression of Parkin did not affect the AR112Q levels (Fig. 5) , like CHIP, it co-immunoadsorbs with AR112Q and it clearly co-localizes to androgen-dependent AR112Q aggregates in cell culture and nuclear aggregates in SBMA knock-in mice (Fig. 7) . This suggests that Parkin, like CHIP, moves with the AR and its associated Hsp70 into aggregates. The failure of Parkin to act on AR112Q in co-expression experiments may reflect our inability to attain the critical ratio of Parkin:AR112Q that is necessary to promote the degradation. In contrast to AR, nNOS levels were quite sensitive to Parkin co-expression. This effect is particularly interesting in that a study of Parkin mutants that cause autosomal recessive juvenile PD also suggests a role for Parkin in determining the nNOS levels. Expression of Parkin mutants that lack ligase activity resulted in elevated levels of nitrated proteins, reactive nitrogen species and nNOS protein (56) . The authors suggest that the presence of mutant Parkin in the substantia nigra may increase nitric oxide production and oxidative stress, sensitizing pigmented neurons to death following other insults (56) .
Our data establish that CHIP does not play an exclusive role in regulating the turnover of Hsp90 client proteins or poly Qexpanded proteins. Furthermore, our findings suggest that Parkin functions in a redundant manner to CHIP on a subset of proteins to regulate degradation. It may be that other E3 ligases also function redundantly to CHIP. Both CHIP and Parkin bind to Hsp70, and it is likely that Hsp70 detects early stages of unfolding, thereby targeting these proteins for ubiquitination and degradation. The CHIP TPR domain also binds to Hsp90, but there is no evidence that Hsp90-bound CHIP is involved in the ubiquitination of Hsp90 client proteins. Mdm2 is the only other E3 ligase that has been reported to interact with Hsp90 (18), and it does not promote Hsp90 client protein degradation under the same conditions as the Hsp70-binding E3 ligases CHIP and Parkin. Indeed, in all the cases we know of forming a complex with Hsp90 inhibits client protein degradation by the ubiquitin/proteasome pathway (1). Thus, compounds that inhibit Hsp90 are lead drugs of great promise in the treatment of polyglutamine diseases. Considering that the Hsp70-dependent E3 ligases may act in a redundant manner, and that overexpression of Hsp70 or Hsp40 decreases polyglutamine protein levels and improves outcome in both cellular and animal models of polyglutamine diseases (30 -32) , Hsp70 is also an appropriate target for drug development. Thus, compounds that act like Hsp40 to stimulate the ATPase activity of Hsp70 (57,58) may constitute an Human
important approach to the treatment of polyglutamine diseases.
MATERIALS AND METHODS

Materials
CHIP þ/þ and CHIP 2/2 mouse embryonic fibroblasts (44) and the cDNA for CHIP (7) were provided by Dr. Cam Patterson (University of North Carolina). Rabbit anti-CHIP antibody was from Affinity Bioreagents (Golden, CO, USA). The N27F3-4 anti-72/73-kDa Hsp monoclonal IgG (anti-Hsp70) and the AC88 monoclonal IgG against Hsp90 were from StressGen Biotechnologies (Victoria, BC, Canada). Affinity-purified IgG against nNOS was from BD Transduction Laboratories (Lexington, KY, USA). The mouse monoclonal IgGs against Parkin and Mdm2 were from Cell Signaling Technology (Danvers, MA, USA) and Calbiochem, respectively. The FiGR monoclonal IgG used to immunoadsorb the mouse GR was provided by Dr. Jack Bodwell (Dartmouth Medical School, Lebanon, NH, USA) and the BuGR2 monoclonal used to immunoblot the mouse GR was from Affinity Bioreagents (Golden). The mouse monoclonal IgG against the AR (N-20) and the monoclonal anti-Myc IgG were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The mouse monoclonal anti-GST and anti-b-tubulin in ascites fluid were from Sigma (St. Louis, MO, USA). The p6R HA GR plasmid encoding the rat GR was provided by Dr. Jorge Iniguez (University of Michigan Medical School, Ann Arbor, MI, USA), and the cDNA for rat nNOS was provided by Dr. Solomon Snyder (The Johns Hopkins Medical School, Baltimore, MD, USA). The plasmid encoding AR112Q was from Dr. Kenneth Fischbeck (N.I.H.) , and the cDNA for Q78 Myc-tagged human ataxin-3 was from Dr. Randall Pittman (University of Pennsylvania Medical School, Philadelphia, PA, USA). The cDNA for Myc-tagged human Parkin was provided by Dr. Ted Dawson (Johns Hopkins Medical School), and the cDNA for human Mdm2 was from Dr. Arnold Levine (Rockfeller University). Nucleofector and nucleofection reagents were from Amaxa GmbH (Köln, Germany).
Cell culture and DNA transfection
For experiments with the endogenous GR, CHIP þ/þ and CHIP 2/2 murine fibroblasts were grown in Dulbecco's minimum Eagle's medium (DMEM) supplemented with 10% calf serum in 75 cm 2 flasks and harvested by trypsinization. Because these cells are highly resistant to transfection by conventional means, AR112Q and Q78 ataxin-3 transfections were carried out using the Amaxa Nucleofector system. Briefly, CHIP þ/þ and CHIP 2/2 mouse embryonic fibroblasts were grown to 70% confluence and detached by trypsinization. The pellets of 4 Â 10 6 cells were resuspended in 100 ml of Amaxa Nucleofector solution V together with 2.5 mg of plasmid DNA. Following electroporation with Nucleofector program M-31, the cells were replated into 6-well plates. At 16 h post-transfection, the medium was replaced with fresh medium containing geldanamycin. At indicated times, the cells were washed once with phosphate-buffered saline and harvested by adding 1 ml of sodium dodecyl sulfate (SDS) sample buffer and gentle rocking for 5 min. Cell lysates were boiled for 5 min and 100 ml aliquots were submitted to SDS-polyacrylamide gel electrophoresis and immunoblotting. HEK 293T cells were cultured in minimum essential medium supplemented with 10% fetal bovine serum. Transient transfections of 293T cells were carried out with the use of a standard calcium phosphate method in 6-well plates as described previously (59) . MN-1 cells were cultured in DMEM supplemented with 10% calf serum, and transfections were carried out with the Amaxa Nucleofector system. Indicated amounts of CHIP, Parkin or Mdm2 cDNA and GR, nNOS, AR112Q or Q78 ataxin-3 cDNA were transfected into 50 -70% confluent cells such that the total amount of cDNA was kept constant with vector plasmid. Cells were transfected for 48 h, washed with phosphate-buffered saline, and cytosols were prepared.
Gel electrophoresis, western blotting and immunoprecipitation
To prepare cytosol, cells were washed twice with Hanks BSS, resuspended in 100 ml of HEM buffer (10 mM HEPES, pH 
In vitro ubiquitination of nNOS
Rat nNOS was expressed in Sf9 insect cells using a recombinant baculovirus and purified by 2 0 ,5 0 -ADP-sepharose and gelfiltration chromatography as described previously (42) . To conjugate ubiquitin to nNOS, purified nNOS (13 mg) was incubated with 0.3 ml of cytosol from CHIP þ/þ or CHIP 2/2 cells (8.3 mg protein/ml), GST-tagged ubiquitin (70 mM), 2 mM dithiothreitol, 0.7 mM ubiquitin aldehyde (to inhibit deubiquitination), 0.2 mM MG132 (to inhibit proteasome activity), and an ATP-regenerating system consisting of 4 mM ATP, 20 mM creatine phosphate, 10 mM MgCl 2 , and 20 units/ml creatine phosphokinase, expressed as final concentrations, for 1.5 h at 378C in a total volume of 40 ml of 50 mM TrisHCl, pH 7.5. After incubation, 60 ml of sample buffer was added, and the sample was loaded for western blotting.
Immunohistochemistry and immunofluorescence
For immunohistochemistry, skeletal muscle from 12-to 20-week-old mice was frozen in isopentane chilled by liquid nitrogen and cut in 7 mm thick sections. Spinal cord was harvested from 24-month-old mice, fixed in formalin, embedded in paraffin and sectioned at 5 mm. Antigen retrieval was achieved by boiling in glycine buffer (pH 3.5) for 10 min. Staining with primary antibodies against AR, CHIP and Parkin was visualized using a Vectastain ABC kit (Vector Laboratories). Images were captured using an Olympus BX41 microscope, X40 lens and Insight digital camera. For immunofluorescence, HeLa cells transfected with an AR112Q expression vector were grown in chambered slides in phenol-red free DMEM containing 10% charcoal stripped calf serum. Twenty-four hours after transfection, cells were treated with 10 nM R1881 or vehicle for 24 h, then fixed in methanol and stained. For visualization of AR, CHIP and Parkin, we used secondary antibodies conjugated to Alexa Fluor 594 and 488 (Molecular Probes). Confocal images were captured using a Zeiss LSM 510 microscope and an X63 water immersion lens.
siRNA knockdown of CHIP MN-1 mouse embryonic motor neuron-neuroblastoma hybrid cells (60) were suspended in Nucleofector solution V (Amaxa) and mixed with 2.7 mg ON-TARGETplus SMART pool mouse CHIP (NM_019719) siRNA (Dharmacon, L-063143-01) or mouse GAPDH (NM_008085) siRNA (D-001830-20) as a control and AR112Q cDNA. The suspension was electroporated using program G-04 on the Amaxa Nucleofector. Cells were plated in 6-well plates, and 48 h later, cells were treated for 6 h with geldanamycin, after which cell lysates were collected for western blot.
CHIP expression analysis
Total RNA isolated from MN-1 cells with Trizol (Invitrogen) served as a template for cDNA synthesis using the High Capacity cDNA Archive kit from Applied Biosystems. Genespecific primers and probes labeled with a fluorescent reporter dye and quencher were purchased from Applied Biosystems. TaqMan assays were performed using 5 ng aliquots of cDNA. Replicate tubes were analyzed for the expression of 18S rRNA using VIC-labeled probe. C T values were determined by an ABI Prism 7900HT sequence detection system, and relative expression levels were calculated using the standard curve method of analysis. 
